Dynamic Atomic Force Microscopy (AFM) operating modes can map the surface topography and material composition of specimen with nanometer spatial resolution by scanning a sharp tip at the end of an actively driven microcantilever over the surface of a sample. 1, 2 Conventionally, the cantilever is used "as is," i.e., the eigenmodes in terms of their quality (Q) factors are left uncontrolled. However, the Q factor directly affects the imaging bandwidth as the transient response of the i-th mode decays exponentially with the time constant τ i = 2Q i /ω i . 3 Further, the average tip-sample forceF ts and the average power dissipationP ts are also a function of the Q factor of the active eigenmode. 4, 5 Originally introduced to reduce the quality factor of the fundamental mode of the cantilever, 6 active Q control can increase the scan speed by reducing the transient response of the cantilever. 7 On the other hand, actively increasing the quality factor was shown to be beneficial for imaging sensitivity, 8 particularly when imaging in liquids. 9 However, the common method for active modification of the cantilever Q factor is based on the time-delay method, 10 which is an easy method to implement solution but comes with a number of disadvantages. These include the restriction to controlling the fundamental mode, non-robust stability properties, 11 and limited damping performance. 12 These limitations can be overcome by using model-based resonant controllers although these require integrated actuation to avoid the additional dynamics caused by the stack actuator. 13 With controllers of this type, it was shown that multiple eigenmodes can be controlled simultaneously which enables imaging on higher eigenmodes 14 The aforementioned Q control methods all rely on the feedback from the optical beam deflection sensor, as it remains the most widely used approach to detect the cantilever oscillations. However, the uncertainty in the position of the laser spot on the cantilever usually leads to a non-collocated actuatorsensor system, 14 reducing the stability margins for Q control. This problem can be overcome by integrated sensing methods enabled by microelectromechanical system (MEMS) fabrication processes such as piezoelectric sensing, 16 which were shown to provide multi-mode displacement estimates. 17, 18 The actuator-sensor configuration proposed in this work yields a guaranteed collocated system, a property which is highly desirable for vibration control as it results in guaranteed robust stability of the closed loop. 19 The cantilever geometry chosen for this work is a stepped rectangular design as shown in Fig. 1 , which has the benefit of closely spaced higher eigenmodes. 20 The cantilever consists of a wider section with dimensions of 360 µm × 390 µm and a smaller section with dimensions of 70 µm × 125 µm.
Three laterally symmetric piezoelectric patches are placed on the cantilever, the outer two patches form the actuators and the inner patch serves as the sensor. The equal longitudinal placement of the three transducers guarantees the collocation property of the actuator-sensor system. In order to minimize the feedthrough from the actuators to the sensing patch via the common silicon substrate, 21 a metal guard trace is incorporated which completely surrounds the piezoelectric sensor.
The fabricated design (MEMSCAP, PiezoMUMPs) features a 10 µm silicon device layer, a 0.5 µm aluminum nitride piezoelectric layer, and chrome/aluminum metal traces 22 and is shown in Fig. 1 . The schematic of the piezoelectric instrumentation is shown in Fig. 2 . The outer piezoelectric patches (drawn as one piezoelectric actuator) are driven by the input voltage V i (s). A charge-mode amplifier is used as the first stage, which amplifies the charge generated by the straindependent piezoelectric voltage V p (s) on the piezoelectric capacitance C p . The benefit of this circuit is that the highfrequency sensor gain depends only on the feedback capacitance C f and is independent of the input capacitance at the op-amp. The circuit forms a high-pass filter from piezoelectric charge to first stage output voltage
where the high-frequency charge-to-voltage gain is 1/C f and the corner frequency is given by f c = (2πR f C f ) −1 . With the chosen circuit values of R f = 1 MΩ and C f = 20 pF, the resulting charge-to-voltage gain is 214 dB and the cut-off frequency is 8 kHz which is adequately lower than the first resonance mode at 62 kHz. An inverting gain stage is added after the chargemode amplifier for additional gain and accommodating for the negation.
The transfer function from actuator voltage V i (s) to cantilever deflection D(s) of the first n flexural modes can be described by a sum of second order modes, 23
where each mode is associated with a specific vibrational mode shape, quality factor Q i , natural frequency ω i , and gain α i . Note that α i ∈ R does not guarantee that G dv (s) is collocated. Similarly, when a piezoelectric transducer is subjected to mechanical strain, it produces a charge which for the instrumentation chosen here is given by
where D = C par is the parasitic capacitance between the actuator and the sensor causing a residual amount of feedthrough charge with opposite sign to the motional charge. Within the bandwidth of the read-out circuit, the resulting transfer function from actuator voltage V i (s) to sensor output V o (s) is hence described by
where
is the collocated transfer function from actuator voltage to piezoelectric voltage. 23 Given that G vv (s) is guaranteed col-
To control m modes of the cantilever, the positive position feedback controller (PPF) 24 of the form with γ c,i , ζ c,i , and ω c,i being the positive tunable controller parameters is used. Controllers of this type used in positive feedback with a collocated system inherit robust closed-loop stability originating from the negative imaginary property of the plant and the controller if the loop gain is less than one at low frequencies. 19 A laser-Doppler vibrometer (Polytec MSA-100-3D) is used to determine the tip displacement frequency responses and corresponding mode shapes of the cantilever by performing a full modal scan using a periodic chirp excitation signal. The frequency response is shown in Fig. 3 along with the identified model (2) and the mode shapes of the first four flexural modes. From the mode shapes and the pole/zero pattern of the frequency response, it can be clearly observed that the tip displacement is not collocated with the actuation beyond the second mode. The identified parameters of (2) are stated in Table I .
The measured open-loop frequency response of the piezoelectric actuator-sensor system is shown in the top row of Fig. 4 along with the identified model (4) . In contrast to Fig. 3 , the interlacing poles and zeros are clearly visible up to a frequency of around 3 MHz, showing the collocated characteristic of the proposed design.
Due to its high achievable controller bandwidth of 400 kHz, a field-programmable analog array (FPAA) (Anadigm AN221E04) was chosen for the implementation of the multimode Q controller. The controller was set to adjust the Q factor of the first and second eigenmodes by running a pole placement optimization design routine. 14 The resulting closed loop formed by G(s) and K(s) remains stable over a large range of positive parameter values due to the collocated system structure. Therefore, as can be seen from the bottom row in Fig. 4 , the Q factors of the first and second modes can be adjusted over a range of four and three orders of magnitude, respectively. On the first mode, an initial Q factor of 502 can be lowered to 9 and increased to over 2000. On the second mode, an initial Q factor of 444 can be lowered to 50 and increased to over 2000. The difference in the dynamic range for controlling the second mode Q factor can be attributed to the controller reaching the bandwidth limitation of 400 kHz.
